The environmental determinants of pediatric embryonal tumors remain unclear. Because of the growing concern over the impact of exposures to traffic-related air pollution on pediatric cancer, we conducted a population-based study evaluating the impact of maternal residential proximity to major roadways on the risk of pediatric embryonal tumors in offspring. We identified children diagnosed with neuroblastoma, Wilms tumor, retinoblastoma, or hepatoblastoma at <5 years of age from the Texas Cancer Registry and selected unaffected controls from birth certificates. Two residential proximity measures were used: (1) distance to the nearest major roadway, and (2) within 500 m of a major roadway. Logistic regression was used to estimate the adjusted odds ratio (aOR) and 95% confidence interval (CI) for each proximity measure on pediatric embryonal tumors. The odds of an embryonal tumor were increased in children born to mothers living within 500 m of a major roadway (aOR = 1.24, 95% CI: 1.00, 1.54). This was consistent for most tumor subtypes, with the strongest associations observed for unilateral retinoblastoma (aOR = 2.57, 95% CI: 1.28, 5.15, for every kilometer closer the mother lived to the nearest major roadway). These findings contribute to the growing evidence that traffic-related air pollution may increase risk for certain pediatric tumors.
Introduction
Embryonal tumors are a group of rare heterogeneous malignancies originating from undifferentiated cells in embryonic tissue, and develop primarily in children and adolescents. Outside of the central nervous system (CNS), the major embryonal tumor subtypes include: (1) neuroblastoma, (2) Wilms tumor, (3) retinoblastoma, and (4) hepatoblastoma. While advances in therapy have led to improvements in five-year survival for children diagnosed with an embryonal tumor (>70% for all non-CNS embryonal tumor subtypes [1, 2] ), survivors often develop serious adverse health conditions as a result of their treatment, including second malignant neoplasms, cardiovascular disease, hearing loss, and endocrinopathies [2, 3] . Germline mutations in known cancer predisposition genes (e.g., WT1 gene [chromosome 11p13] or WT2 gene [chromosome 11p15] in Wilms tumor, and RB1 gene [chromosome 13q14] in bilateral retinoblastoma) are responsible for approximately 10% of pediatric embryonal tumors, however, most cases are sporadic with no known etiology [4] [5] [6] [7] . As the incidence of embryonal tumors peaks in the first three years of life, it is suspected that exposures in utero and in early life may be important for the development of these tumors [2, 8] .
There is an increasing concern over the potential role that early-life exposures to traffic-related air pollution may have on the development of pediatric embryonal tumors. Automobile emissions are composed of many compounds that are known to be carcinogenic to humans, including polycyclic aromatic hydrocarbons (PAH), benzene, formaldehyde, 1,3-butadiene, and particulate matter (PM 2.5 and PM 10 ) [9, 10] . The highest ambient concentrations of these harmful compounds from automobiles are within 500 m of major roadways, an area where an increasing proportion of the population resides [9, 11] . There is recent evidence suggesting that living near a major roadway may increase cancer risk in children, specifically for leukemia and CNS tumors, including CNS embryonal tumors [12, 13] . However, little is known about the role of traffic-related air pollution and living near major roadways on risk for non-CNS pediatric embryonal tumors.
To address this gap, we conducted a population-based case-control study to evaluate the association between maternal residential proximity to major roadways and non-CNS pediatric embryonal tumors in offspring. Specifically, we assessed associations with neuroblastoma, retinoblastoma, Wilms tumor, and hepatoblastoma using data from the Texas Cancer Registry (TCR), one of the largest cancer registries in the United States (U.S.) that captures cancer cases from both large rural and metropolitan areas with high and variable levels of traffic-related air pollution.
Materials and Methods

Study Population
We identified children born in Texas between 1 January 2003 and 31 December 2009 who were diagnosed with an embryonal tumor at <5 years of age during the same period, as the highest incidence of pediatric embryonal tumors is in this age group. Cases were ascertained from the TCR, which is a statewide population-based cancer registry administered by the Texas Department of State Health Services (TX DSHS) and was Gold certified by the North American Association of Central Cancer Registries during the study period. We used the International Classification of Childhood Cancer, Third Edition (ICCC-3), and the International Classification of Diseases for Oncology, Third Edition (ICD-O-3), to define the embryonal tumor subtypes: neuroblastoma (ICD-O-3 histology code 9500), retinoblastoma (ICCC-3 group V), Wilms tumor (ICCC-3 group VIa.1), and hepatoblastoma (ICCC-3 group VIIa) [14] . Retinoblastoma cases were classified as either (1) unilateral, if only one eye was involved, or (2) bilateral, if both eyes were involved. Only cases diagnosed with an embryonal tumor as their first primary malignancy were included. For each case, the TCR also provided information on age at the time of diagnosis as well as used probabilistic linkage to link the cancer registry record to Texas birth certificates [15] .
Unaffected control subjects were randomly selected among the birth certificate records of those born in Texas during the same period as cases (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) and were not included in the TCR. Controls were frequency matched to cases on birth year at a ratio of five control subjects for every embryonal tumor case. For all study subjects, we obtained the geocoded address of the maternal residence at the time of delivery (i.e., at the time of the child's birth), as well as other infant-and maternal-related information, from the birth certificate records. The Institutional Review Boards of the Baylor College of Medicine, the University of Texas Health Science Center at Houston, and the TX DSHS approved the study protocol (TX DSHS IRB 14-034).
Exposure Assessment
To measure maternal proximity to major roadways, we used the Texas roadway network StratMap for 2006, the midpoint of the study period (2003) (2004) (2005) (2006) (2007) (2008) (2009) [16] . Exposure to traffic-related air pollution was assessed using two surrogate measures, each a proximity measure of the maternal residence to major roadways: (1) continuous distance of the residence to the nearest major roadway, and (2) the presence of a major roadway within a 500-m radius of the residence. As previously demonstrated, the 500-m area adjacent to a major roadway has the highest concentrations of primary air pollutants from traffic emissions, therefore, this was selected as the area of interest to assess exposure [9] . Roadways designated by the U.S. Census Bureau as interstate, state, county, or toll highways (i.e., Feature Class Codes A1, A2, or A3) were defined as a "major roadway" [17] . The longitude and latitude data points for the maternal residential address at the time of delivery were used to define the residential location.
A geographic information systems (GIS) approach was used to assess exposure. Spatial analysis was employed using ArcGIS, version 10.0 (Environmental Systems Research Institute Inc., Redlands, CA, USA). The distance of the maternal residence to the nearest major roadway was measured using the Euclidean distance (i.e., 'as the crow flies') and was modeled as a continuous variable (kilometers (km)). Buffer analysis was used to determine if a major roadway was within a 500-m radius from the maternal residence; exposure was modeled as a dichotomous variable based on whether a major roadway fell within the 500-m radius area around the maternal residential location (yes or no).
Covariates
Potential covariates were selected a priori and included infant characteristics (sex, birth weight, gestational age, and season of birth) and maternal characteristics (race/ethnicity, age, education level, and smoking status at the time of delivery) [7, [18] [19] [20] [21] [22] [23] [24] . Information on infant and maternal characteristics was obtained from birth certificate records. Information on household income was not available from birth certificates, therefore, we used area-level poverty measured at the census tract level as a proxy measure of socioeconomic status. Census tracts where <15% of households had an annual income below the poverty level were defined as having "low area-level poverty"; census tracts where ≥15% of households had an income below the poverty level were defined as having "high area-level poverty". Census tract-level estimates on the proportion of households with an income below the poverty level in addition to information on census tract-level urban-rural status was obtained from the 2000 U.S. Census.
Statistical Analysis
Descriptive statistics were calculated for infant and maternal characteristics as well as area-level factors, including poverty and urban status, for both cases and controls. The distribution of the exposure (i.e., means and frequencies) among cases and controls was calculated for each of the residential proximity measures. Logistic regression was used to examine the association between each of the residential roadway proximity measures and each embryonal tumor subtype, as well as all embryonal tumors combined. Unadjusted and adjusted odds ratios (OR and aOR, respectively) and 95% confidence intervals (CI) were calculated to examine associations. Covariates included in the final adjusted models were selected a priori, and included: birth weight, gestational age, maternal age at delivery, maternal race/ethnicity, and area-level poverty. Birth year was also included as a covariate in all regression models as this was the matching factor for cases and controls. Associations were considered statistically significant if the p-value was <0.05. All statistical analyses were conducted using STATA, version 15.1 (StataCorp LP, College Station, TX, USA).
Results
Characteristics of Cases and Controls
Out of the 571 embryonal tumor cases identified, neuroblastoma (n = 252 (44.1%)) was the largest group, followed by Wilms tumor (n = 143 (25.0%)), retinoblastoma (n = 121 (21.2%)), and hepatoblastoma (n = 55 (9.6%)). Among those with retinoblastoma, the majority were unilateral cases (n = 89 (62.2%)). Most cases (68.8%) were diagnosed with an embryonal tumor before one year of age. Table 1 presents the distribution of infant, maternal, and demographic characteristics among cases within each of the embryonal tumor subtypes, as well as among control subjects. Overall, the majority of embryonal tumor cases were male (55.0%), with the exception of Wilms tumor cases, which were predominantly female (54.6%), and unilateral retinoblastoma cases, which did not vary by sex. Compared to controls, embryonal tumor cases were more likely to be born pre-term (<37 weeks gestation) (18.2% of cases vs. 12.3% of controls) and of low birth weight (<2500 g) (12.4% of cases vs. 8.8% of controls). Abbreviations: g, grams; HS, high school; NH, non-Hispanic; NS, not shown; 1 Summer, June through August; Fall, September through November; Winter, December through February; Spring, March through May; 2 Estimates for maternal smoking are not shown due to small cell sizes. Overall, 7.0% of case mothers and 7.9% of control mothers were smokers; 3 Estimates not shown due to small cell sizes (i.e., one cell is n ≤ 5) and protection of confidentiality; 4 at delivery.
With the exception of bilateral retinoblastoma cases, embryonal tumor cases were more likely to be delivered by mothers who were ≥30 years old compared to control subjects (41.5% of case mothers vs. 32.2% of control mothers). Mothers of control subjects were more likely to be Hispanic (47.2%) than any other race/ethnicity. Likewise, the highest proportion of mothers of cases with unilateral retinoblastoma (43.8%), bilateral retinoblastoma (56.3%), and hepatoblastoma (56.4%) were Hispanic, while children with neuroblastoma (52.7%) and Wilms tumor (44.8%) were more likely to be born to non-Hispanic white mothers than any other race/ethnicity. Control mothers (58.9%) and case mothers (63.6%) predominantly lived in areas with low poverty, however, mothers of hepatoblastoma cases were more likely to live in areas with high poverty (54.5%).
Continuous Distance to Nearest Major Roadway
Associations between the continuous distance of the maternal residence to the nearest major roadway and embryonal tumors in offspring are presented in Table 2 . These results indicate that for every one km closer a mother lived to a major roadway at the time of delivery, the odds of her offspring having an embryonal tumor increased by 13% (95% CI: 0.97, 1.32). Notably, this association was strongest with cases diagnosed with unilateral retinoblastoma (aOR = 2.57, 95% CI: 1.28, 5.15). In addition, we observed non-statistically significant weak positive associations with neuroblastoma, Wilms tumor, bilateral retinoblastoma, and hepatoblastoma. 
Within 500 m of a Major Roadway
Associations between maternal residential proximity within 500 m of a major roadway and embryonal tumors in offspring are presented in Table 3 and Figure 1 . These results indicate that mothers living <500 m from the nearest major roadway had a 24% greater odds (95% CI: 1.00, 1.54) of having offspring with an embryonal tumor compared to mothers living ≥500 m from the nearest major roadway. Positive associations were observed with unilateral retinoblastoma (aOR = 1.68, 95% CI: 0.96, 2.93), hepatoblastoma (aOR = 1.60, 95% CI: 0.80, 3.20), neuroblastoma (aOR = 1.23, 95% CI: 0.91, 1.67), and Wilms tumor (aOR = 1.14, 95% CI: 0.77, 1.68). However, in each case, the confidence intervals included 1.00. We also observed a non-statistically significant inverse association with bilateral retinoblastoma (aOR = 0.72, 95% CI: 0.33, 1.57). 
Discussion
Overall, we observed that children born to mothers living within 500 m of a major roadway at the time of delivery were more likely to have an embryonal tumor compared to those born to mothers living further than 500 m from the nearest major roadway. This association was strongest for unilateral retinoblastoma where the odds increased 2.6 times for every km closer the mother lived to a major roadway. In addition, we observed positive associations between maternal residential proximity to major roadways and neuroblastoma, Wilms tumor, and hepatoblastoma; however, the small number of cases in each of these tumor subtypes may have limited our power to achieve statistical significance given the estimated effect sizes.
Our findings are consistent with a prior study that assessed associations between air pollution exposures and retinoblastoma using data from the California Cancer Registry. They reported an increased risk in unilateral retinoblastoma (n = 65 cases; aOR = 1.44, 95% CI: 0.93, 2.22) for every one interquartile range (IQR) increase in prenatal exposure to PM2.5, a carcinogenic air toxic that is highly associated with automobile emissions [25] . Additionally, there is previous evidence suggesting that maternal smoking near the time of conception and during pregnancy may increase the risk of unilateral retinoblastoma in offspring [26, 27] . As exposures to smoking and automobile emissions contain many of the same carcinogenic compounds, the mechanisms for carcinogenesis induced from these exposures may be similar. Considering the current evidence, early exogenous exposures, including exposure to air pollution, may be important for the etiology of unilateral retinoblastoma.
Retinoblastoma is the most common intraocular malignancy in children, and typically presents in one of two forms, hereditary or non-hereditary (sporadic). The tumor occurs due to the loss of the tumor suppression functions of the RB1 gene which is the result of a biallelic mutation [5] . Hereditary retinoblastoma is characterized by at least one inherited mutated copy of the gene from an affected parent with a subsequent "second hit" mutation occurring at post-conception leading to the disease [27] . These cases are predominantly bilateral as the mutation is present in all cells. Bilateral hereditary retinoblastoma can also be due to a de novo germline mutation in RB1 [27] . In this case, there is no family history of retinoblastoma. Lastly, most children (>70%) with retinoblastoma do not have germline mutations in RB1 and exhibit the unilateral subtype [27] . In light of the known genetic determinants and etiology of retinoblastoma, it is suspected that exogenous exposures may be important for both the unilateral and bilateral subtypes, however, more so for the unilateral as these children do not have inherited germline mutations in RB1 [28] .
While the specific mechanisms that underlie these associations are unknown, automobile emissions are composed of several hazardous air pollutants, many of which are known human 
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While the specific mechanisms that underlie these associations are unknown, automobile emissions are composed of several hazardous air pollutants, many of which are known human carcinogens [9] . For example, previous animal studies and observational human studies have reported that exposures to PAH, a known carcinogen present in automobile emissions, are associated with the presence of PAH-induced DNA adducts in the blood, including cord blood in newborns, which are known to promote carcinogenesis and increase cancer risk [29] [30] [31] . In addition, exposures to carcinogenic compounds, including PAH, are known to produce free radicals and induce oxidative stress leading to mutagenesis [32, 33] . Given this, it is plausible that exposures to pollutants associated with automobile emissions may promote cancer development in children.
The use of residential proximity to major roadways as a proxy for exposure to traffic-related air pollution may be a limitation of this study. It is typically not feasible to obtain personal exposure levels of pollutants in studies of rare diseases, such as pediatric cancers, and exposures derived from air monitors in Texas are not reliable as these are inconsistently located across the state. However, proximity measures to pollutant sources have been validated as a reliable surrogate for assessing exposures to air pollution [9, 34] . Information on traffic volume was not available during the study period. In addition, because of the rare nature of embryonal tumors, the sample sizes in our study were small, particularly for hepatoblastoma (n = 55) and bilateral retinoblastoma (n = 32), limiting our ability to achieve statistically significant estimates. Our study assessed exposures at the time of birth only, without measuring exposures at other potentially critical developmental periods (e.g., in utero), as Texas birth certificates list only the maternal address at the time of delivery and do not include information on residential history. However, previous studies have suggested that air pollution exposures measured at the time of birth may be an appropriate proxy for exposure measures during the prenatal period, at the time of conception, in infancy, and early childhood [35] [36] [37] . The study population was limited to include only cases that were diagnosed at <5 years of age, in whom exposures near the time of birth would be most relevant. Lastly, genetic characteristics were not included in this assessment as this information is not available from the TCR.
Despite these limitations, this study has several strengths. We used a population-based sample of pediatric embryonal tumors from TCR, one of the largest cancer registries in U.S. This allowed for the evaluation of associations among rare embryonal tumor subtypes. Furthermore, the study subjects were residents of Texas, which provides a unique backdrop for air pollution studies as this state has some of the highest air pollutant concentrations in the U.S. [38] . Finally, we used residential proximity to a major roadway to assess exposure which may account for the overall exposure to the multiple co-occurring pollutants in traffic-related air pollution. Many air pollution-health effects studies assess exposures to single pollutants; however, individuals are typically exposed to multiple pollutants at one time.
Conclusions
The results from this study suggest that mothers living within 500 m of a major roadway at the time of delivery may be more likely to have offspring with an embryonal tumor in early childhood compared to mothers living further than 500 m from a major roadway. Moreover, we observed a strong association with unilateral retinoblastoma, which is supported by previous studies [25] [26] [27] . In addition, while several of the sample sizes in the individual embryonal tumor subtypes were small and most of the effect estimates were not statistically significant, we consistently observed positive associations across all tumor subtypes, apart from bilateral retinoblastoma. These findings underscore the need for further investigation into understanding the potential role that exposures to traffic-related air pollution may have in the development of pediatric embryonal tumors. Future studies must include biomarkers of exposures to air pollutants, as well as an assessment of gene-environment interactions to better understand the role of genetic and environmental factors in the development of pediatric cancers.
